Pirarubicin is frequently used in chemotherapy against tumors. However, clinical use is severely limited by the development of progressive dose-dependent cardiomyopathy and acquired drug resistance. LY294002 is a commonly used pharmacologic inhibitor, which selectively inhibits the phosphoinositide 3-kinase-AKT nexus. The aim of this study was to investigate the combined inhibitory effect of LY294002 and pirarubicin on human osteosarcoma (OS) cells in vitro. The inhibitory effect of LY294002 plus pirarubicin on U2-OS and MG-63 OS cell proliferation, apoptosis, migration and invasion was investigated by cell proliferation, wound healing and Transwell invasion assays. The results revealed that LY294002 and pirarubicin synergistically induced apoptosis, and inhibited the growth, migration and invasion of OS cells. This indicates that LY294002 enhanced the effects of pirarubicin on OS in vitro. LY294002 combined with pirarubicin may thus be a future therapeutic strategy in OS.
Introduction
Osteosarcoma (OS) is the most common type of malignant tumor of the bone. Due to the rapid and aggressive nature of the disease, the standard treatment for OS was previously amputation of the affected limb; however, the cure rate associated with this method was <10% and almost all patients succumbed to their disease within one year from initial diagnosis. Over the past three decades, with the development of effective chemotherapeutic agents, the five-year cumulative survival rate of primary OS patients has significantly improved to 60-90% (1) (2) (3) (4) (5) (6) (7) . Chemotherapy is, thus, an important treatment for OS.
Pirarubicin, a member of the anthracycline family, is widely applied in the treatment of OS (8) (9) (10) (11) (12) . However, its clinical use is severely limited by the development of progressive dose-dependent cardiomyopathy and acquired drug resistance (13) . Adjunctive drug therapies occasionally reduce adverse reactions and drug resistance. Therefore, drugs that enhance the effect of pirarubicin against OS are being investigated.
The phosphoinositide 3-kinase (PI3K)/AKT signaling pathway is important in tumor cell differentiation, cell cycle, apoptosis, growth and metastasis (8, 9) . Recent studies have shown that the PI3K/AKT signaling pathway is crucially involved in the resistance of cancer cells to chemotherapy (14, 15) . Therefore, inhibition of the PI3K/AKT signaling pathway is under investigation as a potential target for cancer therapy. LY294002 is a commonly used pharmacological PI3K inhibitor, which acts on the ATP-binding site of the PI3K enzyme and thus selectively inhibits the PI3K-AKT nexus. Numerous studies have demonstrated that LY294002 enhances the chemosensitivity of various cancer types to a wide variety of drugs (16) (17) (18) (19) . However, whether LY294002 enhances the effects of pirarubicin on OS remains unclear.
In the present study, the effect of LY294002 on the sensitivity of OS cell lines to pirarubicin chemotherapy was investigated, in addition to the possible mechanisms underlying any such effect. essential medium containing 10% fetal bovine serum and 2 mM L-glutamine. Following overnight attachment, the medium was replaced and the U2-OS cells were incubated with various concentrations of LY294002 (5, 10, 20 and 40 µg/ml; Sigma-Aldrich), pirarubicin (0.1, 0.2, 0.4 and 0.8 µg/ml; Zhejiang Hisun Pharmaceutical Co., Ltd, Zhejiang, China) or the two drugs combined at different ratios (Pirarubicin:LY294002, 1:25, 1:50 and 1:100). For the MG-63 cells, the medium was replaced following overnight attachment, and the cells were incubated with various concentrations of LY294002 (2.5, 5, 10 and 20 µg/ml), pirarubicin (0.25, 0.5, 1 and 2 µg/ml) or the two drugs combined at different ratios (Pirarubicin:LY294002, 1:5, 1:10 and 1:20). Following treatment for 24 h, MTT assays (Promega Corporation, Madison, WI, USA) were conducted using a spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) at 490 nm wavelength in triplicate. The ratio of inhibition by LY294002, pirarubicin or combination treatment at each concentration was calculated, and concentration-viability curves were fitted by Originpro 9.0 software (OriginLab Corporation, Northampton, MA, USA). The half maximal inhibitory concentration (IC50) values of LY294002, pirarubicin and the combination treatment were determined. All experiments were repeated three times over multiple days. The interaction between pirarubicin and LY294002 was assessed using the combination index (CI), calculated as follows: CI = C AC /C AS + C BC /C BS . The C AC and C BC values indicate the concentrations of pirarubicin and LY294002, respectively, in a combined model when the inhibition ratio is 50%. The C AS and C BS values indicate the concentrations of LY294002 and pirarubicin, respectively, at 50% inhibition in single drug treatment. When CI is <0.95, this signifies a synergistic effect between pirarubicin and LY294002. However, when CI is >1.05, this signifies an antagonizing effect between the two drugs. When CI is calculated to be between 0.95 and 1.05, this indicates an additive effect between pirarubicin and LY294002.
Nuclear staining with 4,6-diamidino-2-phenylindole (DAPI).
Following treatment with either LY294002 or pirarubicin alone, or the combination of the two, the cells were fixed with 3.7% paraformaldehyde (Sigma-Aldrich) in phosphate-buffered saline (PBS) for 8 min at room temperature. The fixed cells were washed with PBS and stained with DAPI (Sigma-Alrich) solution for 5 min at room temperature. The cells were then washed three more times with PBS and analyzed with a fluorescence microscope (Olympus Corporation, Tokyo, Japan). Jin's Q-value, which is also used to assess the adjunctive therapy, was determined by the following equation: Q = E(A + B)/ [EA + (1-EA) x EB]. The E(A + B) term indicates the apoptotic cell percentage at various drug concentrations when the two drugs were combined, while EA and EB signify the respective apoptotic percentages when LY294002 and pirarubicin were used alone. When Q is <0.85, this demonstrates an antagonizing effect between LY294002 and pirarubicin. When Q is >1.15, this reveals a synergistic effect between the two drugs. When the Q-value is calculated as between 0.85-1.15, this signifies an additive effect between LY294002 and pirarubicin.
Invasion assay. The invasiveness of the OS cells was measured with BD BioCoat™ BD Matrigel™ Invasion Chambers (BD Bioscience, Franklin Lakes, NJ, USA) according to the manufacturer's instructions. The medium in the lower chamber contained 15% fetal bovine serum as a source of chemoattractant. The MG-63 cells were suspended in serum-free medium containing either 0.25 µg/ml pirarubicin, 5 µg/ml LY294002 or 0.25 µg/ml pirarubicin combined with 5 µg/ml LY294002. The U2-OS cells were suspended in serum-free medium containing either 0.2 µg/ml pirarubicin, 10 µg/ml LY294002 or 0.2 µg/ml pirarubicin combined with 10 µg/ml LY294002. The cells were added to the upper chambers simultaneously (2x10 3 cells in 0.1 ml). The cells passing through the Matrigel-coated membrane were stained with Diff-Quik (Sysmex, Kobe, Japan) and images were captured using a camera (Canon, Tokyo, Japan). Cell invasion was quantified by direct microscopic visualization (Olympus Corporation) and counting. The invaded cells were counted from five randomly selected fields under an inverted microscope. Three independent experiments were performed over multiple days.
Migration assay. Cell migration was assessed by determining the ability of the cells to move into a cellular space in a two-dimensional wound healing assay in vitro. In brief, the cells were cultured in six-well tissue culture plastic dishes at a density of 5x10 6 cells/well. The MG-63 cells were treated with 0.25 µg/ml pirarubicin, 5 µg/ml LY294002 or 0.25 µg/ml pirarubicin combined 5 µg/ml LY294002 for 24 h. The U2-OS cells were treated with 0.2 µg/ml pirarubicin, 10 µg/ml LY294002 or 0.2 µg/ml pirarubicin combined with 10 µg/ml LY294002 for 24 h. The cells were denuded by dragging a rubber policeman (Fisher Scientific, Hampton, NH, USA) through the center of the plate well. The culture plates were rinsed with PBS, then fresh quiescent medium, either alone or with 10% BSA, was added, and the cells were incubated at 37˚C for 24 h. Images of the cells were captured at 0 and 24 h and the migration distances were measured. The migration rate was calculated from five randomly selected fields under an inverted microscope. Three independent experiments were performed over multiple days.
Statistical Analysis: Data are expressed as the mean ± standard deviation. The differences in proliferation, apopotosis, invasion and migration between groups were evaluated with one-way analysis of variance. P<0.05 was considered to indicate a statistically significant difference. All analysis were performed with SPSS Version 19.0 (SPSS, Inc., Chicago, IL, USA).
Results

LY294002 enhances the inhibitory effect of pirarubicin on OS cell growth.
The effect of LY294002, pirarubicin and the combination treatment on the growth of the U2-OS and MG-63 cell lines was examined by an MTT assay. The growth curves indicated that the MG-63 and U2-OS cells were sensitive to LY294002 and pirarubicin, and growth inhibition occurred in a dose-dependent manner (Fig. 1A, B, D and E) . The pirarubicin IC50 values for MG-63 and U2-OS cells were 3.61 and 0.47 µg/ml, respectively. The LY294002 IC50 values for U2-OS and MG-63 cells were 19.71 and 17.36 µg/ml respectively. When these two reagents were administered to U2-OS cells (Fig. 1C) , the IC50 values were 6.54, 9.15 and 11.28 µg/ml, respectively.
All CI values at 1:25, 1:50 and 1:100 proportions were <0.95 (0.74, 0.87 and 0.81 respectively). When the two reagents were administered to MG-63 cells at 1:5, 1:10 and 1:20 proportions (Fig. 1F) , the CI values were all <0.95 (0.54, 0.39 and 0.37 respectively). These results indicate a synergistic antitumor effect between LY294002 and pirarubicin.
LY294002 synergistically enhances pirarubicin-induced OS cell apoptosis. Nuclear staining with DAPI was used to examine the mechanism of the drug-induced promotion of cell apoptosis by LY294002, pirarubicin and the combination treatment. The results revealed that U2-OS and MG-63 cell apoptosis occurred in a dose-dependent manner, regardless of whether cells were treated with LY294002, pirarubicin or the combination of the two ( Fig. 2A-F) . However, when these two reagents were applied to U2-OS and MG-63 cells together, the apoptotic percentage was increased ( Fig. 2G and H) .
Inhibitory effect of LY294002 and pirarubicin, administered separately and in combination, on OS cell migration.
To examine the inhibitory effect of LY294002 and pirarubicin on OS cell migration, wound-healing assays were performed. The cells were treated with LY294002 and pirarubicin, separately and combined, for 24 h in a wound healing system. The results revealed that the migration rate of cells treated with LY294002 and pirarubicin together was significantly lower than those treated by either LY294002 or pirarubicin alone (Fig. 3) . The results suggest that LY294002 enhanced the inhibitory effect of pirarubicin on OS cell migration in vitro.
Inhibitory effects of LY294002, pirarubicin and combination treatment on OS cell invasion.
To examine the inhibitory effect of LY294002 and pirarubicin on OS cell invasion, Transwell invasion assays were performed. The results demonstrated that the number of transmembranous cells following combined LY294002 and pirarubicin treatment was significantly lower than those treated by LY294002 and pirarubicin separately (Fig. 4) . These data indicate that LY294002 enhanced the inhibitory effect of pirarubicin on OS cell invasion in vitro.
Discussion
OS is one of the most common primary malignant bone tumors in children and adolescents. With the advent of 
A B
effective chemotherapy, the five-year survival rate for patients treated with intensive multidrug chemotherapy and aggressive local control has been reported at 55-80% (3, 20, 21) . However, chemotherapy may fail to eliminate all osteosarcoma cells due to intrinsic or acquired drug resistance, which is the most frequent cause of tumor recurrence and results in a poor clinical outcome (22) . Therefore, optimizing treatment strategies to improve the effect of chemotherapy is the predominant focus in OS treatment. LY294002, a selective inhibitor of PI3K, is the first artificially synthesized small molecular inhibitor of PI3Kα/δ/β. LY294002 acts on the ATP-binding site of PI3K and exhibits greater stability than wortmannin in solution (23) . LY294002 inhibits cell proliferation and induces apoptosis by downregulating AKT/protein kinase B activation. A study by Semba et al (24) demonstrated that LY294002 inhibited cell growth and induced apoptosis by reducing AKT phosphorylation (Ser473) in colon cancer cell lines. Other studies have observed that LY294002 inhibited cell growth and induced apoptosis in various other cancer types (25, 26) . Due to its versatile effects, LY294002 is a leading compound in the development of more effective and tolerable reagents in cancer treatment. For example, Xie et al (16) revealed that LY294002 enhanced the chemosensitivity of human gastric cancer to vincristine. In the present study, LY294002 was found to induce OS cell apoptosis and inhibit growth in a dose-dependent manner.
Pirarubicin, a member of the anthracycline family, is widely applied in OS treatment. However, the acquired resistance of cancer cells to pirarubicin has become a major obstacle in cancer therapy. Meesungnoen et al (27) suggested that P-glycoprotein (P-gp)-mediated Tetrahydropyranyl (THP) efflux and THP accumulation in acidic organelles confers an advantage for multidrug-resistant (MDR) cells in surviving prolonged exposure to cytotoxic agents and induces a high degree of resistance. The transmembrane transport pump P-gp causes the efflux of chemotherapeutic agents from cells and is an important system that secures MDR in neoplastic cells. Liang et al (28) found that inhibition of the PI3K/AKT signaling pathway by the specific inhibitor LY294002 or by AKT small interfering RNA resulted in reduced multidrug resistance of SGC7901 cells through downregulation of P-gp. Imai et al (29) reported that LY294002 inhibited P-gp, breast cancer resistance protein and multidrug resistance-associated protein 1, three major ATP-binding cassette transporters that are highly expressed in cancer cells and cause multidrug resistance. Therefore, LY294002 was hypothesized to enhance the effects of pirarubicin on OS, which was confirmed in the present study. The results revealed that when pirarubicin was applied in combination with LY294002 in differential proportions, a synergistic antitumor effect between the two drugs was achieved, with Q>1.15 and CI<0.95. These data suggest that LY294002 enhanced pirarubicin-induced OS cell apoptosis and inhibited cell proliferation. In addition, the inhibitory effects of LY294002 and pirarubicin, administered separately and in combination, on OS cell migration and invasion were evaluated by wound healing and Transwell invasion assays. The results revealed that the number of transmembranous cells and the migration rate were significantly lower in the cells treated with LY294002 and pirarubicin than those treated with either LY294002 or pirarubicin alone.
In conclusion, the results of the present study indicate that a synergistic in vitro anticancer effect in OS exists between LY294002 and pirarubicin. This suggests that LY294002 combined with pirarubicin may be a strategy in OS treatment. However, the LY294002 and pirarubicin combination was only administered in vitro. In addition, the mechanism involved in A B the synergistic effect between pirarubicin and LY294002 remains unknown. Thus, further studies are required to elucidate the effect of LY294002 combined with pirarubicin on OS growth in vivo and to determine the potential underlying molecular mechanisms.
